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In order to ass~ss cia. palteitial of multi stae pin-launched

rockets, a study of tke vehicle and trajectory parsmters was

undertaken. A digital comuter progran for trajectories was

written. and was uped. ia an experimental imanner to approach optimum

perfoimance within various sets of restricting assumptions. The

approach vas found to be effective and a useful orbital potential

was dmonstrated with reasonable design parameters.
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INTRODUCTION

During recent years interest has been growing in the use of

guns to deliver payloads to high altitudes. A substantial amount

of development in this area has been carried out by the Ballistic

Research Labcratories of the U.S. Army and by McGill University

with sjvvcrt from the U.S. Army through the Army Research Office

and B.R.L. (Refs. 1 6 2). The latter effort has been concerned

with a 16 ir.ch gr l "ated on Barbados (Refs. 3 & 4). The gun is

smooth bored and is mounted tu allow firing elevations from about

600 t:. neat vertical. Initial developments were concerned with

sub-caltber iii stabilized saboted ballistic projectiles. This

class cf vehicle has been fairly well proven at this stage, and

operations are phasing int. sCientific data gathering flights.

At the same time, a sub-zaliber r :ket assisted vehicle is being

developed. (Ref. 5) Pais vehicle will eventually be useful for

researcL rurpcoses with higher performance requirements than can be

achieved with pure ballistic vehicles. It is also a stage in the

development of a multi-stage full bore rocket powered vehicle

with orbital capabilities.

In order to prcvide a basis for orientation and design

guidance of a pr3gram to develop such a vehicle, it was necessary

to indicate aclhievable perf[rmace, based on suitable assumptions

and corresponding desig. requirements.



In particular it was necessary to determine the type of

trajectory which should be flown and the corresponding sizing

of the rocket stages. It was decided that experimental use of

a computer program for trajectory calculation was a promising

approach. The intention was to sub-optimize what appeared to

be the more important parameters, and then to determine the

effects of other variables, with some checking to ensure that no

important cross effects were neglected.

Although many computer programs for trajectory computation

are available, all have certain restrictions and many include

detail which would not be required in a study of this nature.

It was decided that a program designed specifically for this

task would provide benefits far out weighing the time and

expense of writing and debugging the program. particularly since

a large high speed computer (IBM 7040) with an advanced and

efficient language system (Fortra IV) was available at McGill

at reasonable cost. Accordirgly, the program was written and

a full description of it is included in this report, It has

proven to be extremely useful for this study, and it can be

modified with little effort for other uses, such as the

production of tracking data.

The technique of experimental optimization has proven to be

quite effective. Usually the combined effects of two parameters

could be determined with sufficient accuracy for these studies

from two computer runs comprising nine to twelve cases



(trajectzries and vehices) each.. T1-is woild c'-st if the order

of $20. n, compiter tt.e a.d abo..t tke same f¢r' preparation

and analysis. All t;,l about. 500 .ases have been run to date

and all of the variables constdered t.o be of major importance

have been investigated. Al .:.ojgh it. Is not clai-med that"

performance increases cou.ld not: be a.ieved by further

manip".-Yl4tons of tbe par.1rT.ete.-s, it. is felt that: the resu.lts t'7,

date rep.-esent a c ose apFr.-,xJi.tio t:o t.he uLtimate, such that

any imp.rovement in perfou-_ nace ,,ld be considered a det:ail.

'efine..ent; and not a f,..r.damental change in desig. pilosophy.
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DESCRIPTION OF COMPUIER PROGRAM

The program calculates t.rajectories for tutti-stage gn

launched rockets. It is restricted to the three translational

dgres of freedom, and to axially symmetric vehicles with

constant thrus. motors. The earth is assumed to be spherical,

and the following functional relationships are pre-programmed:

zero lift drag c:efficiert and normal force coefficient-angle

of attack derivative vs Mach number (Fig. I), ambient pressure

-and sonic speed vs altitude (Figs. 2 & 3). Internal ballistics

are not calculated. Ignition of each stage occurs at a

requested value of altitude, absolute flight pat h angle, or

time after burnout of the previcus stage (or launch, in the

case of the first stage). The attitude of each stage during

engine firing may be in the direct;ion of the relative vel-city

(as for an aerodynamically stabilized vehicle), in the direction

of the absolute velocity (tangent to the absolute trajectory), a

fixed attitude tangent to the absolute trajectory at ignition, or

a fixed attitude specified by elevation and azimuth at ignition.

The equations of motion are written with respect to axes

defined as follows:

U - along the radius vector
V - along the horizontal velocitty vector
W - to form a right handed orthogonal triad

Position is related thrc&igh direction cosines to a set of non-

rotating axes defined as follows:

X - in the equatorial plane toward the launch
longitude at the time of launch

Y - to form a right handed orthogonal triad
Z - nornal to the equatorial plane toward the

.or.th



The equations are irtegrated by the Kutta-GLil method (Ref. 6).

The symnbols used are defined in Appendix 1. Th e fmathem~atical

relati:,nships are listed int Appendix 11, corresponding in

order to the complete program listing in Appendix 111.

The inputs t~o the program are listed in Appendix IV, along

with the card formats, and the instruct~ions fcr deck make-up are

in Appendix V. Tlhere are twelve general inputs on the first data

card for each case, fcllb-wed by a card for each rot-ket stage

containing eleven ir.puts. All, dat-a fields are five columns and

decimal points need no:t be u.hd

The cu t v1.As of t ihe zr-gr-.m are listed in Appendix VI, which

also includes a sample In~:x~. rpts are listed aut.omatically

at ? .e start of ea, '. rcase. In addition, m'essages are przvided

at ignition, bur.:,_, avagee anJi P'mact. Latituide and 1P'ngitude

are als.' zr~vided at igiition, bn'i.and im-pact.. Perigee and

apo:gee h-eight~s are calc-Aated if bi~rnc_,ut occurs at an attitude

greater t .an 250,000 feet and the orbit is not hyperbolic. The

pr.ogram continues pest final stage btirrout to impact only if the

cal,-ulla:ed perigee h.eiptht at. final. stage burnout is below 50 nm.

Eacb case is terminated by a listing of the errors in the U and

W vrnit vect,: s, and the value of t.he 11W unit vector scalar

prndu.:t, followed by messages concerning calculation error

conditins (-.inderfl.- w may beL reglected) and computing time.
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EXRRIN NTS AND RESULTS

The work completed so far has been restricted to orbital

?.a ,u.u,.u~s.taO~t, with-variations -n gun

elevation, first and second step ignition points, first and

second step thrust direction, and third staep weight (with

fixed all up weight). It is obvious that specific impulse,

ross fraction and mussle velocity are major factors in determining

performance, but their primary contribution is to the ideal

velocity incr ment. In fact, specific impulse and mass fraction

may be traded off against one another or against payload with

comWartive impunity by maintaining the ideal velocity increment

of each stage at the original value. Errors would arise due to

relatively slight changes in ballistic coefficient after first

stage ignition, but most of the drag loss has been incurred

prior to this and these errors should not be significant.

Similar calculations with muzzle velocity as an additional

parameter are not likely to be as accur~te due to drag losses at

low altitude and trajectory changes, but could be attempted as a

first approximation (i.e. an increase in muzzle velocity could

be interpreted as a decrease in all up weight, an increase in

payload weight, or decreases in specific impulse or mass fraction,

by maintaining the same total ideal velocity increment).

The general approach consisted of selecting arbitrarily an

apparently reasonable set of parameters, and then varying two

parameters at a time with three or four values each.
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One of the variables was always g.wn elevation, and the apogee

and perigee heights after th!ird stage burnout were plotted

against Sun elevation to determine the achievable circular

orbit heights and the corresponding g. elevations. TypLcal

results are sketched in Fig. 4. Apogee and perigee heishts

are represented by two curves against gun elevation. Where

circular orbits are possLble, the vurves cross, and exchange

identification becaure of the defL'ti.ns of apogee and perigee.

Both curves however are c:ntLnu:)us provided that the flight path

angle at third stage burn'ut is zer3 (i.e. the velocity vector

at this point is horizontal). One c',rve represents the heLht

at burnout, the other reprewnts the height half-way around

the earth. Where the ignigtion time and thrust direction of the

third stage are not adjusted c:rre'tly to produce zero flight

path angle at burnout, the uurves cannot quite meet and are

modified in the regi.,i near the intersection such that apog e

and perigee heights respectiely ae t nr*tinuju functions of

gun elevation.

The following parameters were held c.'tsrft at the

indicated values (latitude, longitude, *aiuuth, -40"

launch weight and cross section area refer to the present 16.4

inch gun installation at Barbados).

Muzzle Height 150 ft.
Latitude 13.07 dog.
Longitude .59.48 deg.
Asmuth 118.23 deg.
lkiusle Velocity 4500 ft. sec.

. . ... . . . . w



Launcb Weight 2000 lbs.
Nber of Stages 2
Crass Section Area 1.478 ft.
Nottle Exit Area 0.785 ft:2

Burning Tim 20 se:.
fto. Fraction 0.8

*Specif ic Impulae 300 see.

The third staep was constrained to fire horizontally, and

the absolute flight path angle at ignition was adjusted t.) the

nesarest 0.01 dog. to keep the absolute fIlgt path angle at

burnout within 0.01 deg.

The initial set of parameters included a fairly light

payioad of 16 lbs., geometric staging (equal ideal velocity

increments), first stage ignition at 100,000 ft., and first and

second stage thrast direction~ type 0 (see list of firing

indicator values, Appendix IV). The first parameter varied in

addition to gun elevation was tbe second stage ignition p,.)nt.,

Ad the results are shownm in Fig. 5. It is obvious that. the

second stage should be ignited as soon as possible after first

staop burnout. A similar effect for first stage ignition is

indicated in Fig. 6 (16 lbs. payload) and Fig. 7 (40 lbs.

payload), although in the latter case the increase in drag

losses due to ignition. at low altitudes evidently is a limiting

factor, emphasized by the low launch angle. Fig. 6 also shows

* checkpoints indicating the effect of second stage ignition

delay and first step firing direction.. It. is apparent that

performance is not extremely sensitive &o these factors.
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The effect of second stage ignition delay was rechecked

for a 40 lb. payload, and at the same time the effect ,f

second stage firing angle was investigated (Fig. 8). Again,

the effects are not of major importance within reasonable

ranges of values; the desirability of early second stage

firing is still evident, and it is also clear that a &-turn

trajectory is close to the optimum.

Attention was then focussed on stage sizing. Since the

first and second stages should be fired in quick successlon,

it was assumed that geometric sizing (equal velocity

increments) would be near "ptLmum for these stages, and the

more significant effect wo-Ad be the weight f the third

stage (and thus the contributLon of the third stage to the

total ideal velcity increent). This effect is shown in

Figs. 9, 10 & 11. Again., performance is n t extremely

sensitive to parameter variations. The iptizized configuration

yields a slight Lrrease in .ir-,.lar orbit height, and exkibits

rather large variations from geometric staging (Fig. 12).

Comparison of Fig.6 & Fig.7 indicates that the first stage

ignition altitude should increase as the payload increases.

Thus the performance indicated in Fig. 11 (constant first

stage ignition altitude at 25,000 ft) is probably less than

that achievable with the heavier payloads. In fact, the point

at 50 lb. payload required lowering tbe sec.'nd stage firing

angle, and stage weights were not optimized since it probably

|JAM
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would have been necessary to consider the weights of all

three staes as well as the second stage firing angle

and the Sun elevatir.. It may be passible to retair, a

s-turn trajectory with later ignition.

It is interesting to note that as the parameter values

approach the optimum, mre gun elevation approaches the

neighbourhood of 450, and '-%o slopes of the curves of

aposee and perigee height vs. gun elevation appr.ach equal

magnitude (with opposite signs). Conversely, for any

condition which is far from optimum, these chara terist.ics

are not apparent.

It is of interest to examine tl.e losses involved in the

trajectories considered. Cnsidering two payloads (16 and

40 lb.), optimized third stage weig't and first stage

ignition at 25,000 ft. (not opti', for 40 lb. payload) we

'have the following energy balances:-

?yl3ad Weight - Lb. 16 40

Input

Ikule Velocity ft/sec 4500 4500
locket Velocity Increment ft/sec 29019 25338
Total Velocity Increment ft/sec 33519 29838
Energy 106 ft2/sec 2  561.8 445.2

Initial State

Radius 106ft 20.93 20.93
Velocity ft/sec 1492 1492
Potential Energy 106 ft2/sec 2  -672.7 -672.7
Kinetic Energy 106 ft2 / ec2  1.1 1.1
Total 106 ft2/sec2 -671.6 -671.6



Final State

Radius lo6 ft 30.18 23.11
*Velccity No/sef Z2S5" 2W.62

Potential 7fnergy 10! Wt/sec' A". 4609.2
"inetic lkevry l0 ft2/sec2  233.2 304.6

*Total 106 f t27is.2 -233.2 -304.6

Asolute 10 ft2/sec2  M2A. 78.2
Percent of Input 22.0 11.6

In order t,3 shjw tho~ effects of specific impulse and

mso fraction, it seem reasonable to select a total Ideal

rockt velccity increment %ALch is representative of that

required for circ~ular orbit entry using the 16 Inch gun at

bribados. This has been. d:)ne f',r a velocity of 24,40 ft~ec

"and thotEsulto are shomn in fig. 14. Geometric staging was

assumed.

Typical trajectory cbaravteristics are sho-wn in Fig. 15

(heih vs. range), Fig. 16 (h.pight vs, airspeed) and-Fig.17

(.height and airspeed vs. rie. Typical vehicle parameters

are listed below.

veil ht .Lb. _ ____

STA3 Fouellant I ~r Total

1 1152 298 1440
2 320 80 400
3 9% 24 1;0

Payload 0 40 4

3 & Payload 96 64 160

2, 3 6 Payload 416 144 560

1, 2, 3 & Payload 1568 432 2000
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CONCUSIOfS AND UCMI)NATIONS

The orbital capabilities of a multi-stage gun launched

rocket have been demonstrated. In particular, it has been

shown that with the existing 16 inch gun ifstallation at

Barbados, launching a 2000 lb. three stage vehicle at 4500

ft/sHc., a payload of 40 lb. can be placed in a 400 nm

circular orbit (based on a specific ipulse in vacum of 300

sec. and a pr:-pellant mass fractiot cf 0.8)

Optimum trajectcries for entry int , circular orbits ae

close to the g-turn type, with gun elevation in the neighbor-

hood of 450, first stage igniticn in the 25-100,000 ft. range

and second stage ignitic.n as scan as possible after first

stage burn.ut. Optimum vehiles involve third stage velocity

increments somewhat less than one-third of the t3tal (for

three stage vehicles) tut the penalty of equal velocity

increment staging is small.

ltrther work ir this area c.uld be directed toward

heavier payloads (:r lower specific impulse, or lower mass

fraction), lower nr,.zle velceity, long burning times, higher

gun elevations, and variations in drag (or atmospheric

properties), launch location, and azimuth.

It is hoped that the i-ptimization rrzedure will be

programed in the near future, so that tte -.timum vehicle

and/or trajectory will be produced aat,:matically, at. least for

a limited number 'f parameters.
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FIGURE 2

ATMOSPHERIC PRESSURE APPROXIMATION ERROR

Based on U.S. 1962 Standard Atrosphere (Ref. 5)
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FIGURE 3

SONIC SPEED APPOvImArION ERROR

Based "- U.5. 1962 Standard Atmosphere fRef, 5)
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TYPICAL PU)TS OF APOGEE AND PERIGM HEIGHT VS. GUN ELEVATIO)N

& 
XApogee

Per igee e ge

Gun Elevation

Correctly Adjusted for Circular Orbit Incorrect Adjustment if Last Stage-,
Non-Zera Flight Path Angle at Burnout

Apogee

0 /Prge0 ____________

Circular Orbit Impossible with PerigeeI these Values of the Parameters;
Orbit is Possible '~'Imhr-)suible



F IGURE 5

EFFECT OF SECND STAGE IGNITION POINT

Payload 16 Lb.
Third Stage Weight 64 Lb. (Geometric Staging)
First Stage Ignition at 100,000 Ft.
First & Second Stage Thrust Direction Type 0
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Second Stage Ignition
1200 at First Stage

Burnout m
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EFFECT OF FIRST STAGE IGNITION POINT

Paylzad 16 Lb
Third Stage Weight 64 Lb. (Geometric Staging)
Secon'd Stage Thrust Direction Type 0

Circu.lar O!rbit lleigk-h
1400

1200 First Stage Thrxist Dire-.ti-

Type I

T ype 0

100Secc nd Stage Igrlti.)n Delay

0 Sec.
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EFFECT OF FIRST STAGE IGNITION PU)NT

Paylcad 40 Lb.
Third Stage Weight 140 Lb.

* Second Stage Ignition Delay 10 Sec.
First Stage Thrust Direction Type 1
Second Stage Thrust Direction Type 0

500

400 fCirc-,ar Orbit Height
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EFFECT OF SECOND STAGE IGNITION DELAY

AND 1HRUST DIRECTION

PayI:)ad 40 Lb.
Third Stage Weig+t 140 Lb.

First Stage Isiiti-n at 25000 Ft.
First Stage Thrjst Direr ti~n Type 1

Sec,d Stage Thrust Direc.ticn Type 2

0 Vehicle Tan~gent t.- Abso'lute Flight
Path at Igriit~n

400

90
Circula 30 Second Stage

OrbitIgnition

S300 9

70

60
"4

200 90050 Second Stage C

EeainDelay Sec. 4

30
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0 Ip0

0 10 20 30 40

Sec.,nd Stage Elevati~p at Ignition -Deg.



FIGURE 9

EFFECT OF THIRD STAGE WEIGIT

1600
Payload 16 Lb.
Firb*- Stage Ignition at 25,000 ft
Seco-id Stage IgiLtior Delay 10 Sec,
First Stage Thrust Directior rype I
Secord Stage Thrist Directio-- Tyre 0

1400

i Cir.ular
Orbit
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FIGURE 10

EFFECT OF THIRD STAGE WEI,;HT

Payload 40 Lb.

First Stage Ignition a, 25,000 ft.
Second Stage Ignition Delay 10 Sec.
First Stage thrust Direction Type 1
Second Stage Thrust Directior Type 0

500

40," Equal Ideal
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Incremren't s
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FIGURE II

EFFECT OF OPTIMIZING THIRD STAGE WEIGHT
1600

First Stage Ignition at 25000 Ft.
Second Stage Ignition Delay 10 Sec.
Firsr Stage Thrust Directior Type 1

1400 Secoid Stage Thrust Directicn
Tvpe 0 for Payloads *40 Lb.
Ortinized for Payloads >40 Lb,.
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FI GURE 12

CO?. ARIS0N -"F NOMINAL AND OPTIMIZED

THIRD SIAGE WEIGHT

First Stage Igniti- at 25000 Ft.
Se'.2rd Stage I.niti-,. Delav 10 Sec
First Stage P-rnst Dir:ti )- Tvl- I
Se -nd Stage Th,'ust ['tret ti:i Tvre 0
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150 /
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FIGURE 13

O'FECI OF SECOND STAGE THRUST DIRTFION

Payload 50 Lb.
Third Stage Weig!.t 130 Lb.
First Stage Igriition at 25000 Ft.
Second Stage lgiti.:n Delay 10 Ser o

140 First Stage Thrist. Direction Type I
Absolute Fl~iet Patch kngle at Sec.nd Stage
lpiti3n - 24 Deg.
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EFFECT OF SPECIFIC IMPULSE AND MASS FRACTION

2ccket Total Ideal Velocity In:remnentI 24,400 £'/sec
Lau'c! Weight 2000 Lb
Equal Veloc~ity In'cremients
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TYPICAL TWAECTORY - HEIGHT VS.* RANGE

Payload 40 Lb.
Specific Impulse 300 Sec.
Has* Fraction 0.8
Burning Times 20 Sec.

v Gun Elevation 39 Deg.
First Stage Ignition~ at 25,000 Ft.
first Stags Direction Type 1
Secon~d Stage Ignition Delay 10 Sec.
Second Stage Directin Type 0
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APPENDIX I

LIST OF SYMBOLS

FORTRAN MATH DEFINITION

AP P Atmospheric Pressure

AT 0 Latitude (See Note (2))

ATD 0, Latitude (Degrees)

ATG 00 Latitude of Gun (Degrees)

ATO 0 Latitude of Gun 5

AVU Length of Unit Vector on U Axis
Minus 1,

AVW Length of Unit Vector on W Axis
Minus I.i

AX a Semi-Major Axis of Orbit

AZ Azimuth (See Note (1) )

AZD Azimuth (Degrees)
°0

AZG Azimuth of Gur, (Degrees)

AZS (N) As Azimutb of Thrust Vector at Ignition
(Degrees)

C (I) Ki  Kutta-641l K for Variable I

CAZ cos

CD Cd Drag Coefficient

CEL cos

CLA cos 0

CNA Cne Normal Force Coefficient-Angle of
Attack Derivative

CT C Iteration Count

DL Computing Time in 60tbs of a Second

DLS Computing Time in Seconds

DR D Drag

' C - -
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FORMAN MATH DEFINITION

DT At Step Size

DMB () Atb Burning Time

DTD Atp Possible Step Size; Previous Step
Size

DTI At, Nominal Step Size

DTP At Nominal Print-Out Interval

DU U-Direction Cosine of Thrust Vector
(Body Axis)

DV 6v V-Direction Cosine of Thrust Vector
(Body Axis)

51 Sw W-Direction Cosine of Thrust Vector
(Body Axis)

DX -x XoDirection Cosine cf Thrust Vectjr
(Body Axis)

DY sy Y-Direction Cosine of Thrust Vector
(B-dy Axis)

DZ Z-Direction Cosine of Thrust Vector

(Body Axis)

RA (N) A Exhaust Area

EL a Elevat~on

RLD so Elevation (Degrees)

LG Elevation of Gun (Degrees)

EI (N) S Elevation of Thrust Vector at Ignition
(Degrees)

1K N Mach Number

F F 108/f

FN Fn Normal Force

FNU Fnu U-Compocant of Normal Force

FNV Fnv V-Component of Normal Force

FNW Fnw W-Component of Nvrmal Force
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FORTRAN MATH DEFINITION

FR (N) f Mass FractLor

GC ke2  Gravitational C-nstant

GO go Acceleration due to Gravity at S.L.

HA HA Apogee Height

HP Hp Perigee Height

HT H Height (Feet)

HTN Height (Nautical Miles)

I i Variable N-nber

II (N) I Ignitiin Indicator

12 (N) 12 Firing Indicator (Direction)

l N Integration Step

K Err'r Indicator

L Computer C;lock Reading at End of Run

LO C(mputer Clock Reading at Beginning
of Run

M Case Number

N n Stage Number

nL nL Number of Lines Printed this Page

NN nI  Previous Stage Number

NP n Page Number

NS n. Namb.r of Stages

ON 0 Longitude (See Note (4) )

OND 0 0 Lngitude (Degrees)

ONG 0 Lon.gitude of Gun (Degrees)

ONO 9g Longitude of Gun

PA V Absclute Flight Path Angle (See Note
(2)
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FORTRAN MATH DEFINITION

PAD if Absolute Flight Path Angle (Degrees)

PAP Absolute Flight Path Angle (Previous
Step)

Q (1) Q, Kutta-Gill Q for Variable I

Qt4

QS QS

QT (N) Qn Ignition Value (See Note (5)

RA d Range (Feet)

RAN Range (Nautical Miles)

RE re  Earth Radius

R rp Perigee Radius

SA (N) S Cross Section Area

SAZ $,1

SEL sin I

SI (N) I Specific Impulse in Vacuum

SL p Semi-Latus Rectum of Orbit

SA sin 0

SP J1 Angular Rate of Earth

3"M Scalar Product of Unit Vectors on U
and W Axes

SS c Speed of Sound

S3 53 Event Indicator

S4 S4 Firing Indicator (Condition)

T t Time

TB rB  Time of Burnout

TH T Thrust

THO T0 Thrust in Vacuum

__- - -
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F')RTRAN MATH DEFINITION

TI tI  Tiie of Ignition

T to  Time rf Last Print-Out

V V Abs'1ute Velocity

VR Vr Relative Velocity (Referred to Earth)

VRU VTu t-Cmponent of Relative Velocity

VRV Vrv V-Component of Relative Velocity

VRW Vr W-C:mnp-nent of Relative Velocity

VX Vx  X-C npnent of Unit Vector on V Axis

VY V y Y-Component of Unit Vetor on V Axisf

VZ Vz  Z-Cmponent of Unit Vector on V Axis

WAZD aw Azimuth of Relative Velocity

WELD s Elevation of Relative Velccity

WI (N) W Total Weight Before Ignition

WU "Yu  U-Component of Angular Vel:zity Vector

Y (I) Yi Variable I

YD (I) Yi Time Derivative of Variable I

NOTES:

1. Aximuth as measured from the gun (the input gun
direction) is measured in a horizontal plane,
clockwise from North as viewed from above (farther
from the earth center).

Azimuth as measured from the vehicle (the input
direction of the thrust vector at ignition and the
output bcdy axis and wind directions) is measured
in a horizontal plane, clockwise from the horizcntal
absolute velocity vectir as viewed frov. above.

2. Elevation and fligbt path angle are measured from the
horizcntal plane, p-sitive upwards.

tA
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NOTES (Cont'd)

3. Latitude is measured p3sitive North from the
equator.

4. Longitude is measured positive East from
Greenwich.

5. The ignition value is interpreted as
Height in thousands of feet if 1 0

Flight path angle in degrees if 11 1 1

Time after previous burnout if II  = 2

BASIC VARIABLES

VARIABLE NO. MATH
I SYMBOL DEFINITION

1 W Weight
2 q Radius Rate
3 r Radius
4 w W-Component of Angular Velocity
5 Ux  X-Component of U-Direction
6 U Y-Component of U-Direction
7 ;y Z-Component of U-Direction8 Ux  X-Component of U-Direction
9 W Y-Component of W-Direction

10 wz Z-Component of W-Direction

Variable Y (I)

Rate of Change of Variable YD (I)

'= : . . : "-- __-- 'm ::2. i 2L - 7= -- S - -- -. -' -



LIST OF SYMBOLS (C3t.'d)

INDICATORS

INDICATOR VALUE MEANING

LI 0 Ignitlon at Preset Height
I Ignition at Preset. Flight Path Angle
2 Ig-.iti~n at Preset Time After Burnout*

NOT 0,1,2 Igriti- n at Burncat*

12 NOT 1,2,3 Firing at Constant Attitude Initially
Ia'-gert to ITrajectory

1 Firing in Wind Direction
2 Firing at Preset Attitude
3 Firing Along Trajectory

S3 -1. Impact
0 Burn, = t
1. Ig-itLon or Launch or Apogee
2. Nc. Evert

S4 -1. No'. Firing
0 Nc. More Stages to Fire
1. Firing

* Burnout refers to the previoius stage, or in the case of first
&tage ignition, the muzzle.



APPENDIX II

NiTHIATICS

InitLalise Run

*4 - VR sin S

r - re +H

a V Uv cog 6 sn +.a rcog 0)2 + VRcoosgcog )2]Y

-coo 0
Uy -o0

Us - sin0

-K - (Vp coo I sin 13 +.A r coo 0) sin /r W.

wy - -V tcos cos i/r rw

ws  (VR cos 6 sin 0 +J1 r cO,.; 0) cog /r ,

Initialize Step

vx VX Uawy - Uyws

v Vy - uxw. - ~wx

Ve 0 =UyWx - IV~Y

ViU a

VRv - r (Uw -A Wz

V aw r..f V.
VR a (VRu 2 + V1 q2 2 VIW 2

H = r - re

V 2- + ( w2
5' - t tan- (q/rw,,)

At' (Q/F -V)At /(f.1,1) t Ift B n<ns  11 = I

a (1000Q - H)/ n<n1  Il = 0

a Q - t + tB n<n, 1 = 2

- HI/ nzno 44 0

- t B nans 40
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s 4-/V)

I- r yj,V )2 I 1, 2or 3

w- 0iS

'V m cot 6CosP L 2 2

swm- -cos S sin3

-x UsuUx +svVx + swx

s 6SU +s +s W Io
y y wy ) 2 ilr

W -f (Wn + .Wd)/& tB

0atan-' (U./U)..f.t + g

0- tan-I [UJ(Ux2 + U,2) ]

Calculate Variables

VX - UW -1Wa

Vy m UxW4  U.W
.5 *1W -1

yo-Ux Ux y

RV- r (ur --A .)

VR m (VRU 2 + VRV 2 + vR )

H r - r.

P *2116.22e -4.42 x lO_5 H H- 10

ps 0 H P10

'All
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Calculate &hrust

T To -AP

su G 6x + $*yUY +5U tau

BV SXVX + SyVy +BSa 1 2 1or 3

p LSW sxVwc + yy+ Sw

su q Vfy

AV w 2I

Calculate Dras and Normal force

14 a V1/c

Cd a 0.35 1<

Cd a 0.18 + 47H2

Q9a 0.7 P942 s

D a * Q

C a 2 +12 0 - 10T

a Cw QB/V 1

an % ~ &'VVRV + 8SWjU) - U (g,,2 + S~

Fn %~ Ugv (gu ViU + SyVtW) -VRV (ju2 +Iw23

Fnw Qn [6wv (Su V1RU + SAMi) - w (8u 2. + v2j

*Fn (Fnu2 + F.2 + p291
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Calculate Rates

r r rw2 + (go/W) (T u -D VRu/VR + Fnu) ke2/r2

2 L q2*' + ( 9 /W) (TO, - D VRV/V + Fnv)J /r

W - (tSW - D VR/R+ Fnw) g 0 /r ww~

x

jy y W

Ua - Vz .

i x - V XCOar

WY = - v yW'j

WE - - VZti44

output
0 - tan- (Uy/U) - t + 0 o

0 - tan- (uli 4Ux2 + Uy 2 )

(3 - tan-' [sin (9 - go) Cos (0- 0,)/sin (0 - 0o)0
d - re tan-' [join (0 - 9)I /I sin Al cos (9 - 00)]

mtan- (Vu/ VRV2 + VR 2 )

Ow atan-1 VRW / VRV)
B -t

8B = w )"
) Not firing

B "-

&B m tan- (Su /Yv +gw)
- I ) Firing

6 B - tan (- Sw/SV )

a = 1/(2/r - V2 /ke2)

p - (Vrcoo 1)2 /ke
2

rp n p /(l + I-7)

HP = rp - re

Ha - ap/rp - re

/"

I--- -



Intesrate

LotXrepresent W r W- Ux Uy U Wx Wy orU

For all Steps 'x a t i

Step 1 xi a x +Ax/2

-Ax

t a t + t/2

Step 2 xi - x + (t- I / J"2) (A x - )

A - (2 - J'2) Ax + ( -2 + 3/ J2) A

Step 3 x m x + (1 + I/ Ji) (Ax - A)

A m (2 + J2) A x + ( - 2 - 3/ r2),

t - t + 6ty/2

Step 4 x - x + x 6 -A/3

After each step. x is recalculated for the next step.



[ APPENDIX III

- COMPUTER PROGRAM

(SOUCE DECK LISTING)

FO)RTRAN IV -IBM 7040



1P TRAJ. PROG. R. M. MCKEE FORTRAN SOURCE LIST RMCKIE
15W SOURCE STATEMENT

* C
C HARP TRAJECTORY PROGRAM -Re M. MCKEE
c
C INPUT
C

I DIMENSION AZS(10),C(I O).DTB( 10),ELS(IQ),EA(10) ,FR(103,

2 1000 CALL CLOCK (L)
3 REAO(5,1001)MtNS,(WT(NS*1))d(SA(NS.1)3,DT:,DTPt

I VRtELG*AZGtONGATG*HT
16 1001 FORMAT (2l5,F5.2,FS.3,3F5.0,4F562,F5.0)
17 IF (NS.EQ*O) GO TO 2
22 READ (5,10023 (11(N),I2(N),WTIN) ,SA(Nb*EAINboDTB(N,QT(N),

I ELS(N),AZS(N),FR(N),SI(N),N=1,NSI
27 1002 FORMAT (215tF5.l,2F5.395F5*2,F5.o)
30 2ZNP a
31 WRITE (6910031 MANP
32 1003 FORMAT (IH1,15Xo4IHHARP TRAJECTORY PROGRAM - Re Me MCKEE,

1 35Xt4HCASEtI5t5X,4HPAGE9I3)
33 WRITE (6,1004)MVR
34 1004 FORMAT 11H-,IOX, IHNCASE NUNSERt6Xtl7*9X,15HNUZZLlE VELOCITY#

1 2XtF7*0)
35 WRITE (6#1005)NStELG
36 1005 FORMAT (IN 91OX913HNN. OF STAGES94Xt17.9X# 9NELEVATIONOXF7.21
37 WRITE (6tl006)WT(NS+1),ALG
40 1006 FORMAT IIH ,1OX,15HPAYLOAO WEIGHT,2XF1.2t9X, ?HAZINUTH,1OXtF7.2)
41 WRITE (6,I0O7)SA(NS41)90NG
42 1007 FORMAT (IN ,19X,4HAREAt4XF?.3,9X,9HLONGITUDESXF7.2I
43 WRITE (691008)OTI,ATG
44 10.00 FORMAT (IN ,lOX, 9HSTEP SIZE,6XFT.0,9X,8HLATITUDE,9XF7.2)
45 WRITE (691009)DTPHT
46 1009 TORMAT (IN 91OX915HOUTPUT INTERVAL,2XF?.0,9X,6HHEIGHT,1XF7.0)
4? IF (NS*EQ.0) GO TO 1
52 WRITE (69l010)(NoNu1,NS)
57 1010 FORMAT IIH-,1OX912HSTAGE NUMBER#6X,6115)
60 WRITE 16,1Oll1NII(N),N*INS)
6S 1011 FORMAT (1HOIOXI8HIGNITION INDICATOR961151
66 WRITE 16,1012)(12(N),Nul#NS)
73 1012 FORMAT (IN ,1OX,16HFIRING INDICATORv2X*6115)
74 WRITE f6pl013)(WT(N)9Nz1,NS)

101 1013 FORMAT (IN tIOX,14HWEIGHT (TOTAL)v4X,6F15.I3
.102 WRITE (6,1014)(SA(N)*NuINS)
107 1014 FORMAT (IN 9lOX,4HAREAv14X,6F15*3)
110 WRITE (6,1015)(EA(N)9N=1tNS)
115 1015 FORMAT (IH ,1OX,12HEXHAUST AREA,6X,6F15e3)
116 WRITE (6tI0I9)flTB(N)vNuI*NS)
123 1019 FORMAT (1H ,iOXvI2HBURNING TIME,6X,6F15*21
124 WRITE (6,1016)(QT(N),N-l9NS)
131 1016 FORMAT (IN lIOXv14HIGNITIGN VALUEt4X,6FI5.2)
132 WRITE t6tIO17)(ELS(N)*N1.9NS)
137 1017 FORMAT (IN ,1OX,16HFIRING ELEVATIONt2Xt6F15*?)
140 WRITE (6,10183(AZS(N),NalpNS)
145 1018 FORMAT (IN ,1OX914HFIRING AZIMUTH,4X96F15.2)
146 WRITE (6,10261 (FR(Nb*Nw1,NS)
153 1026 FORMAT (1HI 91OX913HMASS FRACTION,5X,6F15.2)



HARP TRAJ. PROG. R, M. MCKEE FORTRAN SOURCE LIST RMCKEE
ISt4 SOURCE STATEMENT

154 WRITE (691020)(S1 (N)tN*1,NS)
161 1020 FORMAT (1H ,1OX,16HSPECIFIC IMPULSE92X,6F15.0)
162 1 WRITE (691025)
163 1025 FORMAT (IH-9 7X,4HTIME,6X,6HHEIGHT,7X,5HRANGEt4XMHVELOCITY,

1 4Xt8HAIRSPEEO,2XtlOHPATH ANGLE,3X,9HELEVATION,5X,7HAZIMUTH9
2 5Xt7HWINO ELv5X,7HWIND AZ/iN

164 NL u28
165 IF (NS.EQ.0) NI. a 13

C
C INITIALIZE RUN
C

170 10 GC a 1.407639EI6
171 GO a 32.1465
172 RE a2.092564E7
173 SP a 7.31958 E -5
174 F a57.295780j
175 ONO z ONG/F
176 ATO a ATG/F
177 AZ aAZG/F
200 EL a ELG/F
201 N I
202 CT 0
203 S4 =-1.
204 IF (NS.EQ.O) S4 0
207 UT = DTI
210 DTO *

212 YD(l) -0
213 T = 0
214 TO a0
215 TI = 0
216 T8 -0
217 Y(1) =WT(l)
220 SLA aSMNATO)
221 CIA COS(ATO)
222 SAZ SIN(AZ)
223 CAZ COStAZ)
224 SEL SIN(EL)
225 CEL =COS(EL)
226 Y(2) =VR*SEL
227 Y(3) 3 1E+K-T
2 0 Y(4) zSQRT((VR.CEL*SAZ.SP*Y(3)*CLA)*.2+(VR*CEL*CAZ)*.z)/ Y(3)
231 Y(5) =CLA

232 Y(6) =0
233 Y(7)= SLA
234 Y(8) a -(VR*CEL*SAZ4SP*Y(3)*CLA).S.A/(Y(3)*Y(4))
235 Y(9) a -VR*CEL*CAZ/(Y(3)*Y(4))
236 Y( 10) - (VR.CEL*SAZ.SP*Y(3).C.A).CL.A/iY(3).Y(43)

C
C INITIALIZE STEP
c

237 20 VX - Y(7)*Y(9-Y(6)*Y(IO)
240 VY =Y(51*Y(10)-Y(7)*Y(O)
241 VZ =Y(6)*Y(8)-Y(5).Ytg)
242 VRU = Y(2)
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HARP TRAJ* PROG. Re M. MCKEE FORTRAN SOURCE LIST RMCKEE
ISN SOURCE STATEMENT

243 VRV a Yt3)*IY(4)-SP*Y(1O))
244 VRW a Y(3)*SP'VZ

*245 VR a SORT(vRU**2+VRV*'2+VRW**2)
246 HT a YM3-RE
247 V - SQRT(Y(2)*024IY(3)*Y(4))**2)
250 IF (T.NE.TB) PAP x PA
253 PA aATAN2(Y(2),Y(3)*Y(d))
254 S3 -2.
255 IF (T.EQ.O.) S3 a 1.
260 IF(HT*LT*O*)S4-0.
263 OTO aOT

264 OT *OTI

265 IF (S4.EQ.O*)GO TO 27
270 IF (S4.EQ.1.) GO TO 24
273 IF (I1(N).EQ.1.ANO.T.EQ.TB) GO TO 30
276 IF (II(N).EQ.1) OTO a (QT(N)/F-PA).DTD/(PA-PAP)
301 IF (IIIN).EQ.O) OTO = (1000.*QT(N)-HT)/Y(2)
304 IF (II(N).Eg.2 ) TO a QT(N)-7+TB
307 IF (II(N).EQ.3) GO TO 21
312 IF (ABS(DTD).GEaDTI) GO TO 30
315 IF (ABS(OTD).LT*.Ol) GO TO 22
320 CT x CT'1.
321 IF (CT.GT.2O.) GO TO 29
324 OT m OTO
325 GO TO 30
326 22 CT a0
327 IF (T.GE*TB) GO TO 21
332 NN a N-1
333 WRITE (691107) NvNN
334 1107 FORMAT (1HO924HATTEMPTED IGNITION STAGE#12vIXt

I 20HBEFORE BURNOUT STAGE,12)
335 GO TO 70
336 21 IF (12(N).EQ.1.OR.12(N)*EQ*3) GO TO 23
341 IF (12(N).EQ.2 )GO TO 25
344 OU a Y(2)/V
345 DV aY(3)*Y(4)/V
346 .DW a0
347 GO TO 26
350 25 EL a ELS(N)/F
351 AZ aAZS(N)/F
352 CEL a COS(EL)
353 SEL a SIN(EL)
354 CAZ = COS(AL)
355 SAL - SIN(AZ)

*356 OU - SEL
35? DV - CEL.CAZ
360 OW u -CEL*SAZ
361 26 OX a DU*Y(5).DV*VX4DW.Y(8)
362 DY a OU.Y(6)+DV*VY+OW*Y(9)
363 DZ a DU.Y(7)+OV*VZ.OW.Y(1O)
364 23 S4 a1.
365 S3 a 1.
366 YOM1 a-FR(N)*(WT(N)-WT(N+1) )/DTB(N)
367 THO a-SI(N).YO(i)

370 TI a T
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HARP TRAJ. PROG. R. M. MCKEE FORTRAN SOURCE LIST RMCKEE
ISN SOURCE STATEMENT

371 DT = DTB(N)/4.
372 IF (DT.GT.DTI) OT OTI
375 ONDs F*(ATAN2(Y(6)tY(5))-SP*TONO)
376 ATO= F*(ATAN2(Y(T),SQRT(Y(S)*2+Y16)..2)))
377 WRITE (6,11O1 NtONO,ATO
400 1101 FORMAT (IH ,5ASTAGE,I29lX,2OHIGNITION - LONGITUDEF9.3,

I 9H LATITUDEF9.3)
401 NL a NL +1
402 GO TO 30
403 24 IF ((T+OT).GE.(TI DTB(N))) OT - TI+DTBIN)-T
406 IF (DT.LT..0l) S3 a 0
411 GO TO 30
412 27 IF (Y(2).GE.O.) GO TO 102
415 DTD a -HT/Y(2)
416 IF (ABS(DTO).GT.DTI) GO TO 30
421 IF (ABS(DTD).LT..01) GO TO 28
424 CT - CT+ 1.
425 IF (CToGT.20o) GO TO 29
430 OT a DTD
431 GO TO 30
432 28 OND F*(ATAN2(Y(6)*Y(5))-SP*T+ONO)
433 ATD- F*(ATANZ(Y(7),SQRT(Y(5).*2 Y(6)..2)))
434 WRITE (6t1103) ONDtATD
435 1103 FORMAT (IH 918HIMPACT - LONGITUDEF9.3,9H LATITUDEF963)
436 NL a NL+1
437 S3 a -1.
440 GO TO 30
441 102 IF (T.EQ.TB) GO TO 30
444 OTD a -Y(2)/YO(2)
445 IF (ABS(OTO).GT.DTI) GO TO 30
450 IF (ABS(DTD).LT°.O) GO TO 103
453 CT = CT+il.
454 IF (CT.GTo20.) GO TO 29
457 DT a DTD
460 GO TO 30
461 103 CT = 0
462 WRITE (691109)
463 1109 FORMAT (IH ,6HAPOGEE)
464 NL = NL+l
465 S3 a 1.
466 GO TO 30
467 29 WRITE (6,1104)
470 1104 FORPAT (IHOI7HITERATION FAILURE)
471 GO TO 70

C
C CALCULATE VARIABLES
C

472 30 00 65 J = 194
473 IF (NL.LT.55) GO TO 31
476 NP = NP+1
477 WRITE (6,1003) MNP
500 WRITE (6,1025)
501 NL = 5
502 31 VX a Y(7)*Y(9)-Y(6)*Y(10)
5(, VY = Y(5)*Y(1O)-Y(7)*Y(8)

1,I



NW ?RAJ* PROG. Re he MCKEE FORTRAN SOURCE LIST RMCKEE
is" SOURCE STATEMENT

9 04 VZ a (*v8Y5)f9
505 VRU a Y(21
506 VRV a Y(3)*(Y(4)-SP*Y(1OPI

*Sol VRW a Y(3IOSP*VZ
510 YR a SORT(VRU**2*VRV*ZVRW**21
511 HT a Y(3)-RE
512 IF (HT*LT.1E61 GO TO 32
515 AP o.
516 O
SO7 GO TO 40
S20 32 AP a 2116e22*EXP1-4*42E-5*HT1

C CALCULATE THRUST
C

S21 40 IF (S4.NE. 1.) GO TO 50
S24 TN a THO-EAIN)*AP
525 IF (12(N).EQ*1 ) GO TO 41
530 IF (12(N).EQ.31 GO TO 43
S33 DU a DX.Y(5)+DY*Y16).DZ*Yt?)
S34 DV a DX*VX *DY.VY *DZ*VZ
535 OW a DX*YISI*DY*Y191*DZ*YI1O)
536 GO To so
53? 41 DU a VRU/VR
S40 OVa VRV/VR
541 OW a VRU/VR
542 GO TO so
S43 43 DU a Y121/V
544 DV a Y131*Y(4)/V
S45 OWaD0

C
C CALCULATE DRAG AND NORMAL FORCE

C
S46 50 IF (HT.LT.36200.) SS a 1116.45 - 004096HT
551 IF (HTeGE.36200..AND.HT*LT*65800*) SS a 960.08
554 IF (NT.GE.65800..AND.NT.LT.105000.) 55 a 924.26 + *0006656oHT
557 IF (HT.GE.1O5OO0..AND.HT.LT.15SO0.)SS a 611.54 +* 001?394.HT
562 IF (HT.GE.155500..ANO.HT.LT.172000.)SS a 1062.02
565 IF (HT.GE.172000..ANO.HT.LT.202000.)SS a 1291.40 - 0012173*HT
S70 IF (HT.GE.202000..AND.14T.LT.262500.)SS a 1564.12- *0026694*HT
573 IF (Hr.GE*262500*) SS a 684.0
576 EM a VR/SS
577 IF IEM*LT.1.) CD a*.35
602- IF (EM.GE.1.) CD a *18+EXP(-EM/2.)

*605 gSuoeAP*EM*02eSA(N)
606 DR a CO*QS
607 IF (S49NEe19sOR.12(N).EQe1) GO TO 51
612 CNA u 29412*.EXP(-EM/4.)-l0*.EXPI-EMI
613 ON a CNA*QSIVR
614 FNIJ - QN*tDU.IOVoVRV*DWeVRW)-VRUe(DVe.2*DWe.2))
615 FNV - QN.(DV.(DU.VRU*OW*VRW)-VRV.IDU..Z4DW*.2)
616 FNW - QN*(Dwe(DU*VRU*OV.VRV)-VRWOIDU.*2*OV..2))
617 FN w SQRTIFNU**2iFNV..2+FNW**2)
620 IF 'FN/Y(13.LT.20*) GO TO 55
623 WRITE (691115)
624 1115 FORMAT (33H NORMAL ACCELERATION EXCEEDS 20 G)



HARP TRAJo PROG. R. Me MCKEE FORTRAN SOURCE LIST RFCKEE
ISN SOURCE STATEMENT

625 GO TO 70
626 51 FNU a 0.
62? FNV w 0.
630 FNW a 0.

C
C CALCULATE RATES
C

631 S5 YD(21 Y(3).Y(4).e2,(GO/Y(l)I.ITHODU-DR.VRU/VR*PNU)-GC/Y(31*.2
632 YD(3) uY(21
633 YD(4) *(-2..Y(21.Y(41q(G0fY(1).(TH.DV-DR*VRV/VR*FNVI)/Y(3P
634 WU -(TH*DW-DR*VRW/VR.FNWP*G.O/(Y(1)*YI31.Y(4)I

635 YO(5) VXY4
636 YOM6 a VY*Y(4)
637 YO(7) a VZ*Y141
640 YOMS = -VX*WU
641 YO(9) a -VY*WU
642 YO(10) a -VZ.WU

C
C OUTPUT

C
643 80 IF (S3,.Eg.2..AND.T.LTo(TO.DTP).oR.J.NE.1) GO TO 60
646 TC aI
647 ON a ATAN2(Y(61,Y(S))-SPOT4ONO
650 AT a ATAN2(Y(7),SQRT(Y(5)o'2.Y(6).s2)I
651 IF (T.EQ.O.) GO TO 63
654 AZ a ATAN2(SIN(ON-ONO)OCOStAT-ATO),SIN(AT-ATOI)
655 RA u RE.ATAN2(ABS(SIN(ON-ONOI)ABS(SIN(AZ))'CGS(ON-ONO)I
656 GO TO 84
657 83 RA 0
660 84 RAN *RA/6076*104
661 HTN *HT/60?6&104
662 WELD a F*ATAN2(VRUSgRT(VRV..24VRW*.21)
663 WAZO a F*ATAN2(-VRWVRV)
664 IF (S4*EQ.1o) GO TO 81
667 ELO a WELD
670 ANO a WAZO
671 GO TO 82
672 61 ELO a F*ATAN2(DUSQRT(DV**2+DW**2))
673 AZD a F*ATANZ(-DWPDV)
674 62 PAD a F*PA
675 WRITE (6, I15THTNRANVVRPAOEL~oAZDWELOWALD
676 1105 FORMAT (3FI2.292F12.095F12.2)
677 NL aNL +1
700 IF (S3.NE*0.) GO TO 60
703 OND a F.ON
704 ATD - F*AT
705 WRITE (6,11023NtONDATD
706 1102 FORMAT (IH ,5NSTAGEI2t20H BURNOUT -LONGITUDEtF9*39

I 9H1 LATITUDEPF9*3)
707 NL a NL.1
710 NuN.1
711 S4 - -I*
712 IF (N.GToNS) S4. 0
115 Yl) - 0)
716 THa 0



HARP TRAJ. PROG. R. M. MCKEE FORTRAN SOURCE LIST RMCKEE
is" SOURCE STATEMENT

? 17 TO T
?20 OT I
721 YII) a WT(N)
? 22 IF (HT*LT.2.5E5) GO TO 20
725 AX a 1./(2*/Y(3)-V*02IGCI
?26 SL u (V*Y(3)*COSIPA))**2/GC
72? IF ISL/AX*LTo1.) GO TO 85
?32 WRITE (6,11101
733 1110 FORMAT 11TH HYPERBOLIC ORBIT)
?34 NL a NLi1
735 GO TO 86
736 65 RP a SL/III.SQRTII.-SL/AXII
737 HP a IRP-RE)/60?6*104
740 HA a IAX#SL/RP-RE)/6016*104
741 WRITE 16#1106)HPHA
742 1106 FORMAT IZIX,7HPERIGEE.F9.2,3X,6HAPOGEEoF9.z)
743 NL a NL*l
?44 IF IHPoLT950o) GO TO 20
74? 66 IF 1S4.EQ.0o) GO TO 70
752 GO TO 20

C
C INTEGRATE
C

753 60-IF IS3.EQ.-1.) GO TO 70
?56 DO 65 1*1910
757 CII) a YOII)*DT
760 GO TO 161962,63964),J
761 61 YII a YII)+C(II/2o
762 0I!) a CII)
?63 IF (I*EQ.1) T a 1.01/2.
766 GO TO 65
767 62 Y111 a YII)*.Z9289322*IC(Il-QIIl)
770 O~l) - .585?8644*C(1)4.12132034*QII)
771. GO TO 65
772 *3 YII) a YII).1.70710660IC(I)-QfI))
773 Q11) a 3.4142136*CtI)-4.1213203*Q(I)
774 IF (IIEQ.1) T m 1.01/2.
77? GO TO 65

1000 64 YII) a YlI)*CII)/6--QfI)3.
1001 65 CONTINUE
1004 GO TO 20

C
C DIAGNOSTICS
C

1005 70 AVU a SORTIYI5)eoZ*Y(6)ee2*Y(1)o2)-1.
1006 AVW a SQRT(YIS)ee2+Y1).2eYI10)..2)-1.
1007 SPWU a YIS)*Y(5)+YI91eY(6).Y(lO)*Y17)
1010 WRITE 16,1108)AVUtAVWtSPWU
1011 1108 FORMAT (IIHO,8HACCURACY CHECK -UqF12e6,3H WtF12*893H U.WtFtiofl
1012 CALL OVERFL (K)
1013 GO TO (71,73t?2),K
1014 71 WRITE (6#1111)
1015 1111 FORMAT (9H OVERFLOW)
1016 GO TO 73
1017 72 WRITE (6t1112)

vow=t-- -



HARP TRAJ. PROG. R. No ICKEE FORTRAN SOURCE LIST RMCKEE
ISN SOURCE STATEMENT

1020 1112 FORMAT ItOH UNDERFLOWI
1021 ?3 CALL DVCHK (K)
1022 IF 1K.EQ.2) GO TO 74
1029 WRITE 16,11131
1026 1113 FORMAT (13H DIVIDE CHECK)
1027 74 LO a L
1030 CALL CLOCK (L)
1031 DL a L-LO
1032 OLS a DLt60.
1033 WRITE 161114)OLS
1034 1114 FORMAT 11SH COMPUTING TINEtFlo2NSM SECONDS)
1035 GO TO 1000

c~ 1

1036 END

P

I(



APPLVDIX IV

INPUTS

A complete list of iOpts is given on te next page, with

symbols, definitions and u:int.i. They are divided into two

groups corresponding t. the two types of data %ards, and the

order is the same as that on the data cards. The indicators and

ignition value are defined as follows:-

Ignition
Indiator Meaning Inetion Value

Ignition at given
0 - Height Height (ft)/lO00
I - Flight Path Angle Angle (deg)
2 - Time after Previous

Burnout I ,terval (sec)
Other - Barro.t :J Previ,as

Stage

Firing
Indicator Meaning

Directi n of roll axis during firing
0 - fixed, tangent to absolute flight path angle

at ignition
I - parallel to relative velot ity (aero-stab.)
2 - fixed, given elevation and azimuth at ignition
3 - parallel to absolute velocity

Other - as 0

The layout of the data cards is shown on the page following

the list of inputs. They are of two types, one for gun and

general parameters, and one for each of the rocket stages.



2-

All data tields are five columns wide. Decimal points need not

be punched (and must not be in the first two fields). The

assumed number of places to the right of the decimal is

indicated. This format will be superseded by a d.cimal point

if punched, but the formal of the input print-out will not then

agree. These cards must be ordered according to the sequence

vf operation in the real system, for each case; i.e., a gun

card followed by a card f-r the first stage, a card for the

second stage, etc. The number of stage cards must be the same

as the number of stages quuted on the gun card. The sets of

cards for successive cases follow one another.

The integration interval is ideally one which produces the

least errors. As the interval is increased, the mathematical

errors predominate; as it is decreased, riund off errors take

over. For most purposes, 5 seconds shiuld be about right.

SYMBOL

FORTRAN MATH DESCRIPTION

H Case Case Number

NS ns  Number of Stages

WT(NS*I) Wns+l Payload Weight (lb)

SA(NS+l) Sns+l Payload Area (ft2 )

DTI At I  Step Size for Integration (sec)

DTP Atp Nominal Output Interval (sec)

VR VR Muzzle VeLocity (ft/qec)

ELG SG Gun Elevation from Horizontal (deg)

II . , .
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SYNDOL

FORhANYI , mnA DESCRIPTION

AZG Gun Azimuth from North (deg)

ON Gun Longitude (Positive East) (del)

ATG 0 9 Gun Latitude (Positive North) (de)

Hr Ti£ Nsale Height Above S.L. (ft)

I1 () Iln Ignition Indicator

12(N) 12n Thrust Direction Indicator

WT(N) Wn  Total Weight Before Ipition (lb)

SA(N) Sn Cross Section Area (ft 2 )

EA(N) An Exhaust Area (ft 2 )

DTB(N) A ti Burning Tim (sec)

QT(N) Qn Ignition Value

LS (N) Ban Thrust Elevation above Horisontal (deg)

AZS ) *sn Thrust Azimuth from Track (deg)

P1(N) fn Mea Fraction

SI(N) In Specific Impulse in Vacuu (sec
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APPENDIX V

DECK MAKE-UP

The order of the complete deck and the details cf the

control cards for use on the IBM 7040 at McGill are shown on

the preceding page. The first is for use with a source deck

(as listed in Appendix III). Normally, this wo=ld be used

only when making program changes; W i.,-f have proven

satisfactory, the seccnd card should not be punched NODECK

as shown; an object deck will then be produced. The seczad

shows the deck set-up for normal operation, with the object

deck. The FPT deck is an object deck of a special routine

wich allows unlimited floatirg point traps; the normal

procedure is for the monitor to terminate execution when the

recorded number of floating point traps reaches a given

amount.

On the first card 't" is the estimated computing time in

minutes including compilation, and "a" is the estimated number

of pages of oatput. If either of these is exceeded, the jib

will be terminated. The computer time may be estimated as

3.8 + tf/18 A t, (or tf/10 a tp, whichever is larger) seconds

computing time per case where tf is the expected fi.ht time

in seconds, plus compiling time of 4 minu-es if a source deck

is used. The number of pages of output may be estimated as

1 + tf/55 a tp per case rounded to the next higher integer,

plus 8 for the listing if a source deck is used, plus 3 for

bookkeeping.



APPENDIX VI

MUTPMIS

The print-out iir each case begins with a complete

listing of all iLnpits, f 'lowed by the column headings

for the periodic records which are printed at intervals

of ' and at events (larLcb, ignLrLn, burnoit, apogee

and impart).

TT14F ............ time in sec -rds fr'-, laun.1

HEIGHT ............ ab.;ve sea level in -autical miles

NGI............. i.t sea level (great cir.le) in nautical
'r.J I es

VELICITY ............ absolute velcitv in -s/,

AIRSPEED ............ velxcity relative t:, r-tatin$ earth
in ft/sec

PATH ANGLE ............ a:-, , eleveti-in of the tangent to
thF aiabt-te flight path above the local
-.riz..)tal in degrees

ELEVAMTN). ............ .angle c elevation --,f the venicle roll
axis abiave the lIc.al horizcntal, in
degrees

AZIMU.'TH ........... angle from the horizontal velocity vector
to the horizontal projection of the
vehicle roll axis, measured clockwise as
viewed fr'im above, in degrees

WIND EL ..... .. as elevation, for tie relative velocity
in degrees

WIND AZ ............ as azimuth, for tk e relative velocity,
in degrees

In additi ,, message& are pro duced at the appropriate times

to indicate igniti ,e, bt'.rnuut, apogee and impact. Except for

ap,'gee, these are ac, "panied by latitude (in degrees North)

and Lingittde (i- degrees East).

!!1



*hen burnout occurs at a height greater than 250,000 ft.,

perigee and apogee heights are calculate and presented

in nautical miles, unless the orbit is hyperbilic, ic~h

* fact is indicated.

Various errcr conditions are indicated by appropriate

~~ '~"ttempted ipiti3n (of a) stage before burnzutj

(of the pj- !-ous) stage" is caused by incmupatible inputs.

"Iteratin " overf low" or -'divide )iheck'l require

detailed examina~on of the program. "Underfl'wl is not

sisaii-znt. '-Accu,.acy check"~ shows the errors in the unit

vectors on the U eiv! W axes and their scalar pr').Act after

completion of the case. Th-ese should be of the order _J the

round off error, I.e. of the order of tIl08 & i An

arbitrary limit of 20G was placed on the nc-rmsl acceleration,

* and exceeding this firire results in terdnacion A1 the

calculation with Cie appropriate message.

A sample output Is sh,-wn cn the foll min$ pages.

NN
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